Abstract-We present a novel method for all-optical add-drop multiplexing having regenerative capability for 40-Gb/s optical time-division multiplexed (OTDM) data using a semiconductor optical amplifier ( 
I. INTRODUCTION

D
EMULTIPLEXING and add-drop multiplexing are amongst the key functions required within an optical time-division multiplexed (OTDM) network node [1] . In the add-drop multiplexer one channel has to be completely extracted out of the incoming data stream while leaving the remaining channels undisturbed. A new channel can be added into this vacant time slot using a passive coupler and an appropriate time delay. The grade of an add-drop multiplexer is determined by the quality of the dropped channel and its corresponding clearing as well as of the remaining channels [2] . Residual pulses due to an insufficient clearing in the remaining sequence cause interference noise when adding new channels. The same applies for the dropped channel if the data has to be re-added in other OTDM streams. It is therefore indispensable to have a simultaneous good clearing and good dropping to guarantee further data processing in a network.
Former approaches at 40-Gb/s used an electroabsorption modulator to completely remove one channel (clearing) [3] . Nevertheless, in this work either the dropped channel or the remaining channels are absorbed and thus lost. A simultaneous add-drop multiplexing, using a Mach-Zehnder interferometer (MZI) as a shunt for the drop channel and the remaining channels has been performed in [4] . The performance is limited due to a compromise between either perfect clearing or dropping. Furthermore, the remaining channels are influenced by pattern effects after clearing [4] .
Here, we present a novel method for simultaneous, in principle, perfect dropping and perfect clearing of one 10-Gb/s channel out of a 40-Gb/s OTDM data stream with regenerative capabilities using a monolithic MZI with integrated semiconductor optical amplifiers (MZI-SOA). Bit-error-rate (BER) measurements show penalties in the order of 2 dB for the dropped and remaining channels. Adding a new channel into the remaining time slot can simultaneously be performed through the device without any extra penalty.
II. NOVEL CONCEPT
The basic idea of the regenerative add-dop multiplexer is to use a MZI-SOA as an ultrafast modulator [5] , which imposes the data on two bidirectional high-quality probe pulse streams using the 40-Gb/s OTDM stream as the optical drive signal for the MZI-SOA (see Fig. 1 ). One probe stream consisting of 10-GHz pulses is modulated to carry the information of the drop channel and propagates counterpropagating to a -GHz probe pulse stream forming the carrier for the remaining three 10-Gb/s channels.
Since the 10-GHz probe stream has a high extinction and low background light between the pulses it can only overtake the data of one timing channel. The information of the neighboring channels is therefore automatically suppressed. The same principle is applied for the -GHz probe signal that can only carry the information of the three remaining channels while the data of the dropped channel is automatically cleared. Due to counter-propagating probe pulses, the drop channel and the remaining channels are simplistically separated. Therefore, simultaneous perfect clearing and perfect dropping is achieved.
The principle of the modulation operation can be explained using Fig. 1 as follows. The MZI-SOA is balanced by the SOA currents for bar state operation in absence of the optical 40-Gb/s data pulses. To achieve high switching speeds beyond the carrier dynamic limits of the SOA's, a consecutive control pulse injection scheme is used [6] . For that, the 40-Gb/s data stream is split to form two equivalent drive signals. One pulse of the first drive sequence, representing a bit of the data stream, is introduced into 1041-1135/00$10.00 © 2000 IEEE one SOA to induce the necessary phase shift to switch the signal to the other output port. The same bit in the second drive signal is introduced into the other SOA with an appropriate time delay, inducing the same phase shift in the second MZI arm. Thereby, the MZI is reset to its initial phase condition and the signal is switched back to the initial output port. This scheme provides a modulation of the probe pulses with the underlying data.
The MZI-SOA transfer function has a sinusoidal-like shape attributing 2R regeneration (Reamplification and Reshaping): noise such as amplified spontaneous emission (ASE) and amplitude noise super-imposed to the input signal will be suppressed at the output [7] . At real network nodes add-drop multiplexers are combined with a clock recovery unit for synchronization [3] offering even 3R regeneration capability (2R, and Retiming), which is indispensable for the cascadability of add-drop multiplexers.
For long-time stability and robustness in real network applications the monolithic InP MZI-SOA with integrated, polarization independent SOA's and passive ridge waveguides [10] has been flip-chip mounted on a Si motherboard and fully packaged into a module [11] .
III. EXPERIMENT
To demonstrate the regenerative simultaneous add-drop functionality, BER measurements at 10 Gb/s were performed. The experimental setup with its three main blocks-40-Gb/s optical time-division multiplexing return-to-zero (OTDM-RZ) data source, add-drop multiplexer, and detection part-is shown in Fig. 2 . The 40-Gb/s OTDM-RZ data stream is generated through a 10-GHz gain-switched distributed feedback (DFB) laser including a dispersion compensating fiber (DCF) for pulse compression. The 5-ps fullwidth at half-maximum (FWHM) pulses are externally modulated with a long pseudorandom bit sequence (PRBS) by a LiNbO -modulator. The optical 10-Gb/s RZ stream at 1546 nm is then passively multiplexed to 40 Gb/s through a fiber multiplexer. This 40-Gb/s ODTM data is fed to the input of the add-drop multiplexer, where it is amplified, split and delayed in relation to each other to perform the two optical drive sequences for the MZI-SOA. The average optical input power at the SOA's is approximately 3 dBm, which means a switching energy of 200 fJ per mark. As a part of the add-drop multiplexer is the probe pulse source consisting of a 10-GHz gain-switched DFB laser together with a DCF producing 5-ps FWHM pulses at 1557 nm. These pulses are amplified and split to form the two bidirectional probe sequences. One of them is directly injected into the MZI-SOA forming the 10-GHz probe pulses for the drop channel. The other part is split into three parts and re-unified with the respective proper time delay to form the -GHz probe stream launched counterpropagating into the MZI-SOA.
The MZI-SOA outputs carrying the regenerated drop and remaining channels are then analyzed by BER measurements in the detection part. The 10-Gb/s drop channel can directly be launched into the BER receiver consisting of a double-stage preamplifier and the BER test-set. The results are shown in Fig. 3 demonstrating a low penalty of 2 dB at BER of . 
The
Gb/s first have to be demultiplexed to 10 Gb/s using a pulsed four-wave mixing (FWM) demultiplexer [8] which converts one channel to its phase-conjugated 10-Gb/s signal at 1549 nm. The corresponding curves are shown in Fig. 4 , also resulting in a penalty of 2 dB at a BER of . The drop channel can also be fed into the FWM demultiplexer before being analyzed for comparison. The corresponding 10 Gb/s to 10 Gb/s wavelength conversion by FWM is also shown in Fig. 4 and demonstrates that the noise behavior in the curves is caused by the FWM process and not from the MZI-SOA add-drop multiplexer itself.
The momentary penalties in the order of 2 dB are not a fundamental problem of the concept but of the module used [5] . The capability for penalty-free operation of the bare chips has been shown in [9] .
The dropped channel was re-added into the empty time slot of the remaining data stream after 30 km of dispersion shifted fiber (DSF) using a passive path through the device (Fig. 2) . No extra penalty for any channel after adding demonstrates a perfect clearing and dropping capability.
IV. CONCLUSION
A novel method for 40-Gb/s all-optical OTDM add-drop multiplexing with 3R regeneration capability is demonstrated using a polarization independent monolithically integrated InP MZI. BER measurements show low penalties in the order of 2 dB for each 10-Gb/s drop and remaining channel. Simultaneous adding of one 10-Gb/s channel through the device into the perfectly cleared time slot results in no extra penalty.
